Dynamic and static load (DSL) tests provide an important tool for safety inspection of bridge structure. The test results reflect the actual working condition, bearing capacity and working performance of the bridge structure, laying a scientific basis for the operation safety of the bridge. This paper carries out the DSL tests on a rigid-frame bridge, details the loading plans and test process, and analyzes the stress state under static loads and the dynamic properties under dynamic loads. The results show that the bridge belongs to the elastic state under design load, and satisfies the requirements of the design and normal use in terms of bearing capacity, stiffness and working performance. The inspection method and findings of this research provide important references to the DST testing and evaluation of similar bridges.
INTRODUCTION
Recent years has seen a marked progress in the inspection of bridge structures, thanks to the emerging theories and devices for bridge test and inspection [1] [2] [3] . The dynamic and static load (DSL) tests provide an important tool for completion acceptance and quality assessment of new bridges. The test results reveal the effects in bridge design or construction, laying a scientific basis for completion acceptance and operation.
With the increase of traffic volume, in-service bridges often suffer from problems like concrete damages, material aging and the loss of bearing capacity. These problems pose a serious threat to the operational safety of these bridges. The DSL tests can evaluate the performance and bearing capacity of inservice bridges, and shed light on the continued safe use, maintenance, reinforcement or alteration of these bridges [4] [5] [6] [7] .
Many scholars have performed the DSL tests on bridges. For instance, Quattrone et al. [8] carried out dynamic measurements before and after static tests under different excitation sources, and concluded that the natural frequency of the beam is a predictor of the ultimate bending moment of existing structures. Xiao et al. [9] investigated the effects of loading position and driving speed on bridge performance through the DSL tests. Some scholars combined finite-element simulation and field tests to study the stress and vibration features of a bridge under dynamic and static loads, and evaluated bridge safety based on the research results, providing scientific and accurate data for maintaining the operational safety of the bridge [10] [11] [12] [13] [14] [15] .
Targeting a new large-span rigid-frame bridge, this paper evaluates the overall performance of the bridge structure through both theoretical analysis and the DSL tests.
PROJECT OVERVIEW
Our research object is a T-shaped prestressed concrete rigidframe bridge. The 150m-long bridge has two 75m spans and a single-box double-room box girder. The main girder is 7.4m tall in the section of the middle pivot point, and 3.2m tall in the section of each side pivot point. From the section of each side pivot point to that of the middle pivot point, the top plate thickness shifts from 0.35m to 0.85m, and the bottom plate thickness varies from 0.35m to 1.50m. In the height variation segment of the main girder, the girder bottom is in the shape of a 1.5-order parabolic curve. The box girder uses C55 highperformance concrete, and the prestressed steel tendons are ΦS15.2 high-strength low-relaxation steel strands. In addition, the bridge is supported by reinforced concrete variable-section piers and a bored pile foundation. The technical indices of the bridge design are as follows: the design load belongs to Grade A of urban road load, the design vehicle speed is 60km/h, and the seismic fortification intensity is degree VII.
STATIC LOAD TESTS

Test contents
Firstly, the bridge was applied the static load with the same effect as the design load. Then, the author measured the deformation, stress and cracking of the bridge structure with relevant instruments, and judged whether the bridge worked under normal stress state. After that, the structure design and construction quality of the bridge were inspected by comparing the measured data against the theoretical results of the bridge structure under the same load and the values specified in the Technical Code for Test and Evaluation of City Bridges (CJJ/T 233-2015). In this way, the bearing capacity and working condition of the bridge were evaluated in a comprehensive manner [16] [17] [18] [19] .
Model construction and arrangement of measuring points
The test bridge was subjected to finite-element modelling by the largescale finite-element software midas Civil 2015. As shown in Figure 1 , the entire bridge was meshed into 52 girder elements. Considering the stress features of the finite-element model under design load, the mid-span sections (A-A, C-C) and the pivot point section (B-B) were selected as the control sections of our tests. The locations of the control sections are shown in Figure 2 . Specifically, both the mid-span sections and the pivot point section were taken as the test sections for stress measurement, and only the mid-span sections were selected as the test sections for deflection measurement. During the tests, the strain data were collected by JMZX-212HA vibrating wire sensors (Kingmach, China). As shown in Figure 3 , five sensors were deployed on each strain test section, including 3 on the bottom of the girder, and 2 under the flange plate. The deflection data were captured by a multipoint dynamic and static displacement detection video system. The deflection measuring points are arranged as shown in Figure 4 . 
Loading plan
The static load tests help to disclose the actual bearing capacity and stress state of the bridge, laying the basis for the safe operation of the bridge. In principle, the test load should be the same as the standard load in the design and should not damage the bridge structure to avoid casualties or property losses. Meanwhile, the loading conditions of the tests must be optimized to achieve the inspection purposes with the minimum number of working conditions.
In our tests, the test bridge was loaded first under the mode with the most unfavorable influence line. Thus, the load size and position needed for the tests were identified, such that the loading efficiency of each control section satisfies the CJJ/T 233-2015.
A total of three loading conditions ( Figures 5-7) were prepared for our tests. Eight three-axle lorries (wheel track: 1.8m; front wheelbase: 3.9 m; rear wheelbase: 1.35 m) were selected to apply the load. The axle loads of the lorries are listed in Table 1 . The control section bending moments and loading efficiencies under the three loading conditions are displayed in Table 2 . According to the CJJ/T 233-2015, the loading efficiency of the static tests is the ratio of the computed effect of a control section under the test load to the designed control effect of that section. To fully reflect the stress features of the bridge structure, the loading efficiency for load tests is generally selected from a high range, namely, 0.95~1.05. In our tests, the value is set to 0.95~0.96. The mechanical effect of the test load can meet the requirements for inspecting the bridge service status. 
Process control
The test load was applied in three stages, depending on the total load and the actual condition of the bridge. The time interval between two stages was no less than 15min. During the loading, the abnormal sounds, loss of stability, twists and sways were recorded in details. The internal force or deflection of the non-control sections were controlled within the most unfavorable level under the control load.
Analysis of static load test results
Through the static load tests, the bearing capacity and working state of the bridge were evaluated by the validation coefficient η and the relative residual deformation (strain). The validation coefficient is the ratio of the measured value to the theoretical value. The smaller the η, the better the overall performance of the bridge structure, the higher the strength and elastic modulus of the structural materials, and the larger the margin of safety. The greater the η, the weaker the structural materials, the poorer the connection between structural parts, and the lower the structural stiffness. The relative residual deformation (strain) refers to the ratio of the measured residual deformation (strain) of the structure under the test load to the total deformation (strain) of the structure under that load. The smaller the relative residual deformation (strain), the closer the structure is to the elastic state [11, 20] .
After sorting out the results of the static load tests, the deflection and strain measured at each section under each loading condition were obtained. The measured results and the theoretical values are presented in Tables 3 and 4 , respectively.
As shown in Tables 3 and 4 , under all three loading conditions, the validation coefficients of the deflections measured at sections A-A and C-C were 0.56 and 0.62, respectively, and the validation coefficients of the strains measured at sections A-A, B-B and C-C fell in 0.47~0.70, 0.46~0.82 and 0.59~0.74, respectively. The validation coefficients of deflections and strains were both smaller than 1, as required in the CJJ/T 233-2015. This means the bridge structure performs well under stress, fulfills the design requirements in actual bearing capacity and strength, and enjoys a large safety margin. In addition, the relative residual deflections and relative residual strains of the test sections were all below 20%, which satisfies the provisions in the CJJ/T 233-2015. The results show that the bridge structure is close to the elastic state under the test loads, showing a strong ability to recover from elastic deformation. 
DYNAMIC LOAD TESTS
Test principle
The vibration of the bridge structure was induced by an excitation strategy. Then, the natural frequency, damping ratio, vibration mode and other structural parameters were measured, and used to evaluate the technical condition and overall stiffness of the bridge structure [21] [22] [23] .
Test method and arrangement of measuring points
The dynamic load tests were conducted by the pulsation method. A total of 32 high-sensitivity, ultra-low frequency vibration pickups (Figure 8 ) were deployed on the main girder to record the vibrations of the bridge girder under the excitation of environmental loads like water flow, ground pulsation and wind. The collected vibration signals were subjected to spectral analysis, revealing the self-vibration features of the structure. 
Data collection and analysis
When no lorry drove on the bridge deck, the vibration response of the bridge to environmental loads was recorded by the dynamic signal test system DH5922. The time-history curve of the acceleration under environmental loads was plotted (Figure 9 ). Then the spectral analysis method was used to identify the modal parameters of the structure. The spectral analysis shows that the measured natural vibration frequency and damping ratio of the bridge were 2.23Hz and 4.6%, respectively. Then, the finite-element model of the bridge underwent dynamic analysis on midas Civil 2015. Through the analysis, the theoretical value of the fundamental frequency of the bridge structure was computed as 1.98Hz. Abutment 2
Guardrail
The results of dynamic load tests show that: the measured natural vibration frequency (2.23Hz) of the bridge was greater than the theoretical value (1.98Hz), indicating that the structural stiffness meets the design requirements; the measured damping ratio (4.6%) fell in the normal range, revealing that the structure boasts good damping properties and a certain energy dissipation ability.
CONCLUSIONS
The following conclusions were drawn through the comparative analysis between the measured data and the finite-element results:
(1) Under all loading conditions in the static load tests, the validation coefficients of deflection and strain, the relative residual deformation and relative residual strain of each control section all satisfied the requirements in the CJJ/T 233-2015; the deflection and strain measured at any control section were smaller than the theoretical results of the finite-element model; no crack was observed on the main girder throughout the loading. The above results show that the bridge structure has a reasonable stress performance, and meets the design requirements on bearing capacity, strength and crackresistance.
(2)According to the results of the dynamic load tests, the measured natural vibration frequency of the structure was greater than the theoretical result of the finite-element model, revealing that the actual stiffness of the bridge surpasses the designed stiffness; the measured damping ratio fell in the normal range, indicating that the structure boasts good damping properties that greatly suppress the vibration response.
(3) Overall, the DSL test results demonstrate that the bridge structure basically belongs to the elastic state under the design load and enjoys a good dynamic performance. There is no problem with construction quality or technology that affects the normal service.
